ABSTRACT: Two-dimensional phosphorene with desirable optoelectronic properties (ideal band gap, high carrier mobility, and strong visible light absorption) is a promising metal-free photocatalyst for water splitting. However, the band edge positions of the valence band maximum (VBM) and conduction band maximum (CBM) of phosphorene are higher than the redox potentials in photocatalytic water splitting reactions. Thus, phosphorene can only be used as the photocathode for hydrogen evolution reaction as a low-efficiency visible-light-driven photocatalyst for hydrogen production in solar water splitting cells. Here, we propose a new mechanism to improve the photocatalytic efficiency of phosphorene nanoribbons (PNRs) by modifying their edges for full reactions in photocatalytic water splitting. By employing first-principles density functional theory calculations, we find that pseudohalogen (CN and OCN) passivated PNRs not only show desired VBM and CBM band edge positions induced by edge electric dipole layer, but also possess intrinsic optoelectronic properties of phosphorene, for both water oxidation and hydrogen reduction in photocatalytic water splitting without using extra energy. Furthermore, our calculations also predict that the maximum energy conversion efficiency of heterojunction solar cells consisting of different edge-modified PNRs can be as high as 20% for photocatalytic water splitting.
INTRODUCTION
Photocatalytic water splitting is an artificial photosynthesis process that uses photocatalysis in a photoelectrochemical cell to initiate the light-driven splitting of water into its elemental constituents, H 2 and O 2 .
1−3 Theoretically, only sunlight, water, and a photocatalyst are required for water splitting reactions. The mechanism of photocatalytic water splitting involves electrons being excited from the valence band maximum (VBM) to the conduction band maximum (CBM) of the semiconductor photocatalyst by the absorbed sunlight, forming the electron−hole pairs; thus, the photogenerated electrons and holes can participate in the hydrogen evolution reaction (HER) H + /H 2 (2H + + 2e − ⇌ H 2 ) and oxygen evolution reaction (OER) O 2 /H 2 O (O 2 + 4H + + 4e − ⇌ 2H 2 O), respectively. However, there are several crucial factors for such a promising semiconductor photocatalyst for absorbing sunlight and driving two water splitting reactions, such as a small direct band gap of roughly 1.2−1.6 eV to absorb wide range sunlight 4 and a high carrier mobility to facilitate efficient transport. In particular, the redox potentials of photocatalytic water splitting reactions should be located inside the energy gap of semiconductor photocatalyst as shown in Figure 1 , which means that the VBM energy level should be more negative than the oxidation potential of OER (O 2 /H 2 O) but the CBM energy level should be more positive than the reduction potential of HER (H + /H 2 ) in photocatalytic water splitting reactions, respectively. Furthermore, if the band edge positions of VBM and CBM in semiconductor photocatalyst are located closer to the redox potentials of photocatalytic water splitting reactions, the photocatalytic efficiency would be higher in full water splitting reactions. Most of such semiconductor photocatalysts for water splitting have been discovered in transition metal oxides, sulfides, and nitrides, 5 such as titanium dioxide (TiO 2 ).
6−8
Recently, two-dimensional (2D) monolayer semiconductors 9−11 have been also proposed as potential candidates to be used in photocatalytic water splitting, 12 such as graphitic carbon nitride (g-C 3 N 4 )
13−15 and molybdenum disulfide (MoS 2 ). 16−18 Such 2D semiconductor photocatalysts exhibit two desirable advantages that can be utilized to enhance the photocatalytic efficiency of water splitting. 12 One is that 2D materials have large photoreactive contact area for light absorption and photocatalytic reactions. Moreover, the small distance between photogenerated electrons and holes to allows them to reach the water interface more rapidly for photocatalytic reactions. However, g-C 3 N 4 and MoS 2 have wide band gaps (2−3 eV), 19 similar to most other 3D semiconductor photocatalysts. This shortcoming limits the light absorption in the ultraviolet region for these semiconductor photocatalysts. Furthermore, the activity of HER or OER remains poor in such semi- /(V·s) but lacks an intrinsic band gap; thus it can only be used as a cocatalyst in combination with other 2D materials in heterostructures to improve the photocatalytic efficiency in water splitting. 23 Phosphorene is an interesting 2D elemental material 24−27 that has been isolated experimentally through mechanical exfoliation from bulk black phosphorus. Phosphorene exhibits some remarkable optoelectronic properties 28 that are superior to graphene, g-C 3 N 4 , and MoS 2 . For example, phosphorene is a direct semiconductor with a high hole mobility 24 of 10 5 cm 2 / (V·s). When placed in nanoelectronics, 25 it exhibits drain current modulation of up to 10 5 . It is the building block for black phosphorus quantum dots 27 that have been used to fabricate a flexible memory device with a high on−off current ratio of 6 × 10 4 and good stability. Furthermore, phosphorene possesses a thickness-dependent direct bandgap 24 in a wide range of 0.3 eV (bulk) to 1.6 eV (monolayer), which bridges the gap between graphene and MoS 2 for new optoelectronic devices. The thickness dependency of the bandgap allows one to tune the bandgap of phosphorene based materials and enhance light absorption by varying the number of layers. Compared to graphene, 29 g-C 3 N 4 , 30 and MoS 2 , 31 phosphorene shows superior optical properties for strong optical absorption in the near-infrared region of sunlight. 32 Therefore, phosphorene has been considered to be a promising metal-free photocatalyst for solar water splitting cells. 33 However, the VBM and CBM band edge positions of phosphorene are both more positive than the oxidation potential of O 2 /H 2 O and the reduction potential of H + /H 2 , respectively. Furthermore, the CBM energy level is much higher (0.56 eV) than the reduction potential of H + /H 2 ( Figure  1 ). Thus, phosphorene can only be used as the photocathode for HER as a low-efficiency visible-light-driven photocatalyst for hydrogen production in solar water splitting cells. 33 There are some external conditions and experimental techniques, such as electrical bias, 34, 35 mechanical strain, 36 defect or dopant doping 37, 38 and pH, 39, 40 which can be used to tune the band edge positions of semiconductor photocatalysts, but such methods also affect their desired optoelectronic properties for photocatalytic water splitting. Recently, Sa et al. 41 predicted that strain-engineered phosphorene can be an effective water splitting photocatalyst at a given pH of 8 by using firstprinciples density functional theory (DFT) calculations. Furthermore, several phosphorene based heterostructures have also been proposed experimentally and theoretically as photocatalysts for water splitting, such phosphorene/TiO 2 42, 43 and phosphorene/MoS 2 . 44 However, most of these methods require extra energy input for maintenance or are difficult to realize in experiments for practical industrial applications in solar water splitting cells. 1 In this paper, we propose a new mechanism to use edgemodified phosphorene nanoribbons (PNRs) directly as highly efficient photocatalysts for water splitting. By using density functional theory calculations, we find that pseudohalogen passivated PNRs show desired VBM and CBM band edge positions induced by edge electric dipole layer, but with the intrinsic optoelectronic properties of phosphorene preserved, for both water oxidation and hydrogen reduction in photocatalytic water splitting, without extra energy being necessary.
THEORETICAL MODELS AND COMPUTATIONAL METHODS
When phospherene is cut into nanoribbons, edge passivation is required to stabilize the PNRs. 44, 45 PNRs have already been experimentally synthesized for nanoelectronics. 46, 47 Different types of chemical atoms or groups can be used to passivate the edges of PNRs. Notice that the stability and optoelectronic properties of PNRs depend sensitively on the ribbon width, edge passivated atoms or groups, and edge shaped types (armchair or zigzag). 44 Some examples of armchair and zigzag PNRs (ACPNRs and ZZPNRs) passivated by nitrile (CN) functional group (ACPNRs_CN and ZZPNRs_CN) are shown in Figure 2 . Here, the ACPNRs passivated by nitrile (CN) and cyanate (OCN) functional groups in a ribbon width of 4 are denoted as ACPNR4_CN and ACPNR4_OCN, respectively.
Notice that edge passivation can introduce polar covalent bonds around the edges of the PNRs. 48 These covalent bonds create edge dipole layers that produce constant electric potential jumps, ϕ(r⃗ ) in the form of
where r⃗ is the distance close to the edges and p represents the electric dipole moment per unit edge length at the edges of PNRs. Such a potential jump shifts all single particle energy levels down, including the CBM and VBM energy levels. Therefore, polar covalent bonds in the form of P + −X − (X is an atom or a chemical group) can be used to shift downward the CBM and VBM energy levels of phosphorene, and such a strong edge decoration effect on the CBM and VBM levels of edgemodified PNRs makes it possible to design efficient photocatalysts that are suitable for both HER and OER in photocatalytic water splitting.
We use the first-principles density functional theory (DFT) calculations implemented in the VASP (Vienna Ab initio Simulation Package) package. 49 We choose the generalized gradient approximation of Perdew, Burke, and Ernzerhof (GGA-PBE) 50 as the exchange-correlation functional to study the geometric structures of phosphorene and PNRs. However, because semilocal GGA-PBE based DFT calculations are less reliable in predicting electronic properties of semiconductors, the screened hybrid HSE06 functional 51 is also used to compute the optoelectronic properties. We set the energy cutoff to We use the density functional perturbation theory 52 implemented in VASP to compute the optical properties of edge-modified PNRs. We adopt a fine 1 × 1 × 12 uniform mesh for the surface Brillouin zone and a large number of empty conduction band states (two times the number of valence band) and frequency grid points (2000) for computing optical absorption spectra of phosphorene 32 and PNRs. Ab-initio molecular dynamics (AIMD) simulations are performed to study the stability of edge-modified PNRs. The simulations are performed for about 10.0 ps with a time step of 1.0 fs at temperatures of T = 300, 600, and 800 K controlled by a Nose−Hoover thermostat. 53, 54 
RESULTS AND DISCUSSION
In principle, atoms or chemical groups that have larger chemical electronegativity than the phosphorus (P) atom can be used to passivate the edges of PNRs and form polar covalent bonds in the form of P + −X − (X is an atom or a chemical group). The electronegativity of the functional atoms and groups has a strong effect on the band offset shift of phosphorene, because functional atoms and groups with large electronegativity can introduce polar covalent bonds with large electric dipole moments. In experiments, the halogen atoms (X = F, Cl, and Br), hydroxyl (X = OH) and pseudohalogen chemical groups (X = CN, OCN, and SCN) are widely used for surface or edge passivation. Here, we find that PNRs passivated by pseudohalogen chemical groups (CN and OCN) show desired VBM and CBM band edge positions for both water oxidation and hydrogen reduction in photocatalytic water splitting. In this section, we check the effects of edge-passivated chemical groups (CN and OCN) , the edge-shape types (armchair or zigzag), and ribbon width on the optoelectronic properties of edgemodified PNRs. Other PNRs with X = H, F, Cl, and OH do not have desired VBM and CBM band edge positions for either water oxidation or hydrogen reduction in photocatalytic water splitting, because effective electric dipole moments introduced by these edge-passivated chemical groups are not enough to shift downward the CBM and VBM energy levels of phosphorene. We summarize the electronic structures (VBM and CBM band positions and energy gaps) of these lowefficient PNR photocatalysts in Table S1 in the Supporting Information.
3.1. Electronic Structures of PNRs. We first study the electronic structures of edge-modified PNRs with small ribbon width. Figure 3 shows electronic band structures of ACPNR4_CN and ACPNR4_OCN. Both of them have direct band gaps of about 1.73 eV, and their VBM and CBM band edge positions are both located at the gamma point with strong optical absorption under sunlight. Furthermore, we find that the VBM and CBM states of ACPNR4_CN and ACPN-R4_OCN are only dominated by p-orbitals of P atoms ( Figure  S1 and S2 in Supporting Information) and show similar characteristics to pristine phosphorene without containing any edge states; this is different from other low dimensional nanoribbons, such as graphene nanoribbons 55−59 and boron nitride nanoribbons, 60−62 which show reduced energy gaps due to the edge states dominated in the VBM and CBM states. That is why they have similar band gap values even though they are edge-passivated with different types of chemical groups when in the same ribbon width. Therefore, the band gaps of edgemodified ACPNRs and ZZPNRs are mainly affected by the ribbon widths due to the well-known quantum confinement effect (QCE) in nanomaterials.
63−65 Figure 4 shows that the band gaps of edge-modified PNRs decrease as the ribbon widths increase. We find that the band gap values of ZZPNRs decrease more quickly than those of ACPNRS due to different edge-shaped types. For large-scale ACPNRs, when the ribbon widths increase to 12, the band gap values (1.59 eV) of ACPNR12_CN and ACPNR12_OCN are almost converged and close to that (1.58 eV) 24 of pristine phosphorene as shown in Figure 5 . But the band gaps of ZZPNR12_CN and ZZPNR12_OCN are slightly larger (about 1.7 eV) than that of pristine phosphorene.
Although the band gaps of large scale PNRs appear to be insensitive to the types of edge passivation, their VBM and CBM energy levels are strongly affected by the edge-modified decoration as shown in Figure 6 . Interestingly, we find that CN and OCN groups of ACPNRs and ZZPNRs in edge passivation can shift the VBM and CBM energies down with respect to pristine phosphorene. In particular, large scale ACPNRs and ZZPNRs show desired VBM and CBM band edge positions for both water oxidation and hydrogen reduction in photocatalytic water splitting. This observation is consistent with our theoretical models based on the edge dipole layer. Taking large scale ACPNR12_CN and ACPNR12_OCN as examples, the redox potentials of photocatalytic water splitting reactions now are located inside the energy gap of PNRs. In detail, the P atoms near the edges of these systems lose 0.44 and 0.58 electrons, respectively. These electrons are transferred into passivated chemical groups (CN and OCN) and cause electric potential energy to jump about −1.3 and −1.5 eV (Table S2 in the Supporting Information) close to the edges (about 1 Å) in ACPNR12_CN and ACPNR12_OCN, respectively. The DFT calculations show that the VBM energy levels of ACPNR12_CN and ACPNR12_OCN are, respectively, 0.11 and 0.25 eV lower than the oxidation potential of O 2 /H 2 O and their CBM energy level are, respectively, 0.24 and 0.10 eV higher than the reduction potential of H + /H 2 . Therefore, such edge-modified PNRs can be used as highly efficient photocatalysts for full water splitting reactions. Notice that the functional groups are the key factor for PNRs as promising photocatalysts. The effects of nanoribbon type and nanoribbon width on electronic structures are weakened and become negligible as the system size increases, although ACPNRs show higher linear density of edges with larger dipole moments per edge length compared to the case of ZZPNRs (Table S2 in Supporting Information).
3.2. Solar Water Splitting Cells of PNR Heterobilayers. In this section, we propose efficient solar water splitting cells by using edge-modified PNR heterojunctions. We design a PNR heterobilayer consisting of two types of edge-modified PNRs. The heterobilayer serves as a type-II donor−acceptor interface band heterojunction, 66 as illustrated in Figure 7 . This type of heterojunction can promote carrier (electron and hole) transfer and separation at the heterobilayer interface due to the built-in potential induced by the edge dipole layers inside PNRs. Such an induced potential is likely to localize VBM and CBM states within distinctive donor and acceptor regions. It is the localization of the VBM and CBM states that ultimately leads to enhanced charge separation and enables carriers to be easily collected. These properties can lead to improved carrier lifetime when the heterojunction is used in solar cells. 67 Taking hybrid ACPNR12_CN/ACPNR12_OCN heterobilayer as examples, Figure 8 shows the total density of states (TDOS) of ACPNR12_CN and ACPNR12_OCN as well as corresponding hybrid ACPNR12_CN/ACPNR12_OCN heterobilayer. We find that such heterobilayers have a reduced band gap compared to isolated ACPNR12_CN and ACPN-R12_OCN. Furthermore, the VBM states are located at the ACPNR12_CN region where OER occurs but the CBM states are located at another ACPNR12_OCN region for HER, which is consistent with our theoretical models as illustrated in Figure  7 .
Such reduced band gap in hybrid PNR heterobilayers can increase the absorption range of sunlight. Furthermore, interlayer interaction 30 and charge transfer 68 at the heterobilayer interface can induce new optical transitions that result from the overlap of electronic states and enhance the optical absorption intensity in hybrid PNR heterobilayers. Figure 9 shows that hybrid ACPNR12_CN/ACPNR12_OCN heterobilayer shows wider absorption range and stronger optical absorption compared to isolated ACPNR12_CN and ACPN-R12_OCN.
For realistic optoelectronic devices, the exciton effect in 2D semiconductors can induce a red shift of absorption spectra and affect the light absorption efficiency for 2D semiconductors, although such exciton effect in phosphorene does not qualitatively affect our proposed edge-modified heterojunction model for photocatalytic water splitting. The GW-BSE calculations 69 have shown that the electron−hole binding energy of monolayer phosphorene is about 0.48 eV, which is the smallest exciton binding energy among popular 2D semiconductors due to the small band gap of phosphorene. 70 Notice that bilayer phosphorene only show a small electron− hole binding energy of about 0.22 eV, similar to the case in PNRs based on heterostructures. Furthermore, additional substrates interfacing with phosphorene can not only effectively reduce the electron−hole binding energy of phosphorene monolayer (0.14 eV) and bilayer (0.11 eV) due to environmental screening effect but also avoid the degradation of phosphorene under ambient conditions. From a practical perspective, the quality of heterojunction solar cells depends on the power conversion efficiency (PCE) defined as
where 0.65 is the band-fill factor, P(ℏϖ) is the AM1.5 solar energy flux at the photon energy ℏϖ, E g is the bandgap of the donor, ΔE c is the conduction band offsets, and the (E g − ΔE c − 0.3) term is an estimation of the maximum open circuit voltage.
The maximum PCE depends critically on the interface band alignment between donor and acceptor materials. 71 For largescale hybrid heterobilayers consisting of two different edgemodified PNRs, such ACPNR12_CN/ACPNR12_OCN, the bandgap values E g of donor and acceptor monolayers are similar (1.59 eV), which are close to that (1.58 eV) of pristine phosphorene. 44 This gap value is very suitable for the absorption of the solar spectrum 71 and can be tuned by changing the number of layers in multilayer phosphorene. The conduction band offset ΔE c between ACPNR12_CN and ACPNR12_OCN is ΔE c = 0.15 eV for a hybrid ACPNR12_CN/ACPNR12_OCN heterobilayer, which is close to the optimal value of conduction band offset to achieve high PCE in heterojunction solar cells. 34 Therefore, large-scale PNR heterobilayers can achieve PCE as high as 20%. These values are comparable to that of recently proposed heterobilayers, such as α-AlP/GaN (22%), 72 edge-modified phosphorene nanoflakes (20%), 48 g-SiC 2 /g-ZnO (20%), 73 PCBM/ CBN (20%), 71 and phosphorene/MoS 2 (18%), 34 for highly efficient solar cells.
3.3. Stability. The stability of edge-modified PNRs under ambient conditions is crucial in solar water splitting cells. 74 Here, we study the thermal and dynamic stabilities of edgemodified PNRs by computing the edge formation energy (Table S3 in the Supporting Information) and performing AIMD simulations ( Figures S3 and S4 in the Supporting Information). Notice that PNRs have already been successfully synthesized in experiments for nanoelectronics. 46, 47 Here, we find that most halogen atoms (X = F, Cl and Br) and pseudohalogen chemical groups (X = CN and OCN) are stable even at high temperature of T = 800 K as edge passivation elements for PNRs, except for the SCN chemical group, which is easy to dissociate when bonded with P atom in PNRs. The OCN passivated PNRs (both ACPNRs and ZZPNRs) show small edge formation energies of less than 0.2 eV per edge, which are easily fabricated in experiments, similar to cases of H passivated PNRs. 44 But the CN passivated PNRs require relatively large edge formation energies of about 1.5 eV per edge. We also check the stability of PNRs in aqueous environment by using AIMD simulations and find that edgemodified PNRs remain stable in liquid water at high temperature, similar to the case of phosphorene in liquid water. 41 Therefore, our proposed highly efficient heterojunction photocatalyst for water splitting can survive at high temperature in experiments.
However, phosphorene is sensitive to oxygen molecules 75 and easily degrades in ambient conditions. 76 Experimentally, some techniques, such as liquid exfoliation 77 and Al 2 O 3 coating passivation, 78 have been recently reported to produce air-stable phosphorene for photocatalytic applications. Furthermore, hybrid phosphorene/TiO 2 photocatalysts, which have recently been synthesized in experiments, 42, 43 show high stability in ambient conditions and improved photocatalytic performance under light irradiation. Therefore, additional substrates interfacing with PNRs can not only effectively reduce the electron−hole binding energy of PNRs due to environmental screening effect 69 but also avoid the degradation of phosphorene under ambient conditions and improve the photocatalytic performance as highly efficient photocatalysts 79 used in water splitting for clean and renewable hydrogen energy.
CONCLUSION
In summary, we propose a new mechanism to use edgemodified phosphorene nanoribbons (PNRs) directly as highly efficient photocatalysts for full reactions of both water oxidation and hydrogen reduction in water splitting. By using density functional theory calculations, we find that pseudohalogen (CN and OCN) passivated PNRs show desired VBM and CBM band edge positions induced by edge electric dipole layer, but with the intrinsic optoelectronic properties of phosphorene preserved, for both water oxidation and hydrogen reduction in photocatalytic water splitting, without requiring extra energy. Furthermore, our calculations also predict that the maximum energy conversion efficiency of the heterojunctions consisting of different edge-modified PNRs can be as high as 20% for solar water splitting cells. 
